Localized protein synthesis requires assembly and transport of translationally silenced ribonucleoprotein particles (RNPs), some of which are exceptionally large. Where in the cell such large RNP granules first assemble was heretofore unknown. We previously reported that during synapse development, a fragment of the Wnt-1 receptor, DFrizzled2, enters postsynaptic nuclei where it forms prominent foci. Here we show that these foci constitute large RNP granules harboring synaptic protein transcripts. These granules exit the nucleus by budding through the inner and the outer nuclear membranes in a nuclear egress mechanism akin to that of herpes viruses. This budding involves phosphorylation of A-type lamin, a protein linked to muscular dystrophies. Thus nuclear envelope budding is an endogenous nuclear export pathway for large RNP granules.
INTRODUCTION
Wnts are secreted signaling proteins that are important for embryonic pattern formation and cellular differentiation (Siegfried and Perrimon, 1994) and also play pivotal roles during activity-dependent synaptic development (Budnik and Salinas, 2011; Speese and Budnik, 2007) . In mammals, Wnts promote synapse differentiation and plasticity and contribute to neuronal excitability (Budnik and Salinas, 2011; Cerpa et al., 2011; VarelaNallar et al., 2010) . At the Drosophila larval neuromuscular junction (NMJ) the Wnt-1, Wingless (Wg), is released by presynaptic boutons in a manner regulated by neuronal activity and is critical for proper synaptic bouton differentiation (Ataman et al., 2008; Packard et al., 2002) . In the absence of Wg signaling, NMJs fail to expand properly during larval development (Miech et al., 2008; Packard et al., 2002) . Further, a subset of synaptic boutons (ghost boutons) are devoid of active zones and postsynaptic structures and fail to recruit postsynaptic proteins (Ataman et al., 2006; Packard et al., 2002) . Wg release by motorneurons activates alternate transduction pathways in motorneurons and muscles (Mathew et al., 2005; Miech et al., 2008) . In postsynaptic muscles, Wg turns on the Frizzled Nuclear Import (FNI) pathway in which the Wg receptor, DFrizzled-2 (DFz2), is internalized and transported to muscle nuclei (Ataman et al., 2006; Mathew et al., 2005) . Subsequently, a C-terminal cleavage product, DFz2C, is imported into the nucleus (Mathew et al., 2005) via canonical nuclear import machinery (Mosca and Schwarz, 2010) where it localizes to discrete foci (Ataman et al., 2008; Mathew et al., 2005) . A similar transduction pathway has been reported for the Wnt receptor Ryk during mammalian cortical neuron development (Lyu et al., 2008) . However, the nuclear function of these DFz2C/Ryk C-terminal fragments remains unexplored.
We report that FNI signaling leads to nuclear DFz2C fragments being organized into ribonucleoprotein particles containing mRNAs encoding postsynaptic proteins. These particles exit the nucleus via a mechanism akin to the nuclear egress of herpes virus capsids. During viral capsid egress, the nuclear lamina is disrupted through phosphorylation by protein kinase C (PKC), which is required for the budding of an inner nuclear membrane (INM) bound viral particle into the perinuclear space (between the INM and the outer nuclear membrane [ONM] ). Subsequent fusion of the INM surrounding the virus with the ONM releases the naked viral capsid into the cytoplasm. We find that localization of DFz2C granules to the perinuclear space requires the A-type lamin, LamC. Further, formation of INM invaginations, through which the DFz2C granules exit, requires atypical PKC (aPKC), which likely phosphorylates LamC. Significantly, disruption of this process leads to phenotypes paralleling those observed in laminopathy models. Our studies thus provide evidence for an unanticipated mechanism by which cellular mRNAs can exit the nucleus, insight into the mechanisms of postsynaptic apparatus assembly in response to Wnt signaling, and a potential explanation for how certain human lamin mutations result in muscular dystrophy.
RESULTS

DFz2C and Lamin C Form Specializations at the Nuclear Lamin
To elucidate the nuclear function of DFz2C, we sought to determine the subnuclear localization of DFz2C foci in muscle cells (Figures 1 and S1 , available online). DFz2C foci localized to the nuclear periphery ( Figure 1A ) and consisted of accumulations of discrete DFz2C puncta (Figures 1A, arrows, and S1A; see also S1C for a salivary gland DFz2C nuclear focus). Colabeling with antibodies to the Drosophila A-type lamin, LamC, a component of the nuclear lamina that forms a lattice beneath the INM, revealed that LamC forms ''framework-like'' structures surrounding the DFz2C puncta ( Figures 1A and S1B ). These structures were even more apparent upon structured illumination ( Figure S1B ). Thus, DFz2C fragments are associated with a specialization of the nuclear lamina. Formation of DFz2C foci was dependent on LamC, as null mutants in lamC virtually eliminated DFz2C foci ( Figure 1B) . Likewise, LamC foci depended on DFz2, as mutations in dfz2, downregulation of dfz2, or DFz2 overexpression (which behaves as a dominant negative [Mathew et al., 2005; Packard et al., 2002] ) significantly decreased the number of LamC foci (Figure 1B) . Further, both DFz2C and LamC foci were significantly upregulated in the hyperexcitable K + channel double-mutant eag Sh, which exhibits increased synaptic activity (Wu et al., 1983 ) ( Figure 1B ). This parallels previous data showing that the number of nuclear DFz2C foci correlates with synaptic activity (Ataman et al., 2008) . Thus, DFz2C foci and LamC frameworklike structures are mutually dependent for their formation, and synaptic activity leads to analogous changes in their numbers.
Mutations in the human LMNA gene lead to a diverse set of disorders, including muscular dystrophies such as autosomaldominant Emery-Dreifuss muscular dystrophy (AD-EDMD) (Burke and Stewart, 2002; Mé jat et al., 2009; Ostlund et al., 2001) . Expression of the AD-EDMD mutant protein results in formation of LMNA-positive ''O-ring'' structures in the nucleus and the same structures are also observed when expressing a mutant lamC transgene modeled after the human mutant gene (Ostlund et al., 2001; Schulze et al., 2005) . Notably, we also observed nuclear O-ring structures in the muscles of Drosophila larva heterozygous for a LamC-green fluorescent protein (GFP)-trap (lamC GFP-trap /+), in which GFP is inserted inframe within the region encoding the LamC rod domain (Morin et al., 2001 ) ( Figure 1C ). In this strain, we found that both DFz2C and LamC-GFP acquired the form of an O-ring, and both the appearance of DFz2C as individual granules and LamC as a framework surrounding the granules was lost (Figure 1C ). This suggests that insertion of GFP within the rod domain in lamC GFP-trap alters the normal behavior of the protein and underscores the dependence of DFz2C foci on wild-type LamC. The strong dependence of DFz2C foci on normal LamC predicts that mutations in lamC should elicit phenotypes resembling those of mutations disrupting the FNI Wnt signaling pathway. Consistent with this, lamC null mutants, larvae expressing LamC-RNAi in muscle, and lamC GFP-trap /+ larvae all exhibited a significant increase in the number of ''ghost boutons'' ( Figures 1D-1J ), undifferentiated synaptic boutons that are a hallmark of FNI pathway disruption, including mutations that block importin-mediated nuclear import of DFz2C (Ataman et al., 2006; Mosca and Schwarz, 2010; Packard et al., 2002) . Ghost boutons lack the entire complement of postsynaptic proteins, including the PSD-95 homolog, Discs-Large (DLG) ( Figures  1F-1I) , and glutamate receptors. In both lamC null animals and those expressing LamC-RNAi in muscles, synaptic arbors were morphologically disrupted, being composed of enlarged tubular boutons instead of the normal small ''beads on a string'' (Figures 1L and S1K) . This phenotype is also observed in wg mutants (Packard et al., 2002) . Like other mutations affecting the FNI pathway, lamC null mutants also exhibited a decrease in the number of mature boutons ( Figures 1K and S1L ). Recent evidence in mice indicates that NMJ defects precede muscle degeneration during laminopathies (Mé jat et al., 2009) . Consistent with this, in lamC mutants we detected only defects at the NMJ and no gross defects in larval body wall muscle architecture at muscles 6 and 7 (abdominal segments A2 and A3), where the NMJ analysis was conducted ( Figures S1D-S1I ). Synaptic transmission was also altered in a similar manner in lamC and dfz2 mutants, as well as upon overexpressing DFz2 in muscles, conditions that severely reduce the number of DFz2C/LamC foci. In the above genotypes, the frequency of spontaneous miniature excitatory junctional potentials (mEJPs) was significantly increased ( Figures 1M and S1M ). The amplitude of mEJPs was also increased in these strains ( Figures 1N  and S1M ), suggesting a defect in postsynaptic receptors. This suggestion was supported by morphological analysis of GluRIIA clusters, which showed an increase in volume and total signal intensity ( Figures 1P-1S) . Nevertheless, the amplitude of EJPs was normal ( Figures 1O and S1N ). This is not surprising, because larval NMJs are capable of homeostatic compensation as a result of changes in postsynaptic activity (Petersen et al., 1997) . A slightly different profile was observed in lamC GFP-trap /+ larvae, in which DFz2C/LamC foci are still present, albeit with abnormal morphology. Although mEJP amplitude was increased ( Figures  1N and S1M ), mEJP frequency was unaltered (Figures 1M and S1M) and EJP amplitude showed a small but significant decrease compared to wild-type controls ( Figures 1O and  S1N ). Taken together, our results indicate that the nuclear lamina plays a specific role in synapse development and function by participating in the FNI signaling pathway in postsynaptic muscles.
DFz2C Granules Are Localized at Invaginations of the Inner Nuclear Membrane
The association of DFz2C foci with the nuclear periphery and their dependence on LamC is suggestive of a specialized function of the nuclear lamina. Vertebrate A-type lamins are known to form foci at sites of DNA replication (Kennedy et al., 2000) . However, DNA was undetectable at the DFz2C/LamC foci as determined by colabeling with DNA markers (Figures 2A and 2B and S1J; n = 30 foci) . LamA/C also localizes to and is required for expansion of the nucleoplasmic reticulum (NR), doublewalled invaginations of the nuclear envelope involved in signaling and transport (Gehrig et al., 2008; Lagace and Ridgway, 2005) . NR contain both the INM and ONM and are labeled by markers of the nuclear pore complex (Lagace and Ridgway, 2005) . Using membrane markers, we found that 92% of the DFz2C foci were wrapped by nuclear membrane ( Figure 2C , S2A, and S2B; n = 60 DFz2C foci), but unlike the NR, DFz2C foci were not coincident with nuclear pore complexes ( Figure 2E ; n = 35 DFz2C foci).
The NR define lumens projecting into the nucleus but continuous with the cytoplasm, as revealed by cytoplasmic injection of fluorescent dextrans with molecular masses above the cutoff for passive diffusion through nuclear pores (40 kDa) (Keminer and Peters, 1999; Lagace and Ridgway, 2005) . However, we observed no association between DFz2C/LamC foci and a Texas-red-conjugated 70 kDa dextran injected into muscle cells ( Figure 2D ; n = 40 DFz2C foci). Thus DFz2C/LamC foci are not within reticuli continuous with the cytoplasm. Instead they are located within the perinuclear space (between the INM and ONM).
Yet another type of nuclear membrane invagination is INM infolding. Such INM infoldings occur during nuclear egress of herpes viruses (HSV) and cytomegalovirus (CMV) in mammalian cells (Buser et al., 2007; Darlington and Moss, 1968) . Herpes viral particles are assembled in the nucleus and are far too large to be exported through nuclear pores. Instead, they become enveloped by the INM as they bud into the perinuclear space (Figure S3H ). This is followed by a de-envelopment process, in which (A-E) DFz2C/LamC foci (arrows) in relationship with (A and B) propidium iodide and Hoechst, (C) the membrane marker Concanavalin-A (ConA; deconvolved), (D) 70 kDa dextran injected into the cytoplasm (deconvolved), (E) mAb414 labeling the NPC (Davis and Blobel, 1986 ). (E1) shows a raw image of the nucleus, (E2) a deconvolution of (E1), and (E3) a high magnification view of the focus in (E2). Images are single confocal slices; c = cytoplasm; n = nucleoplasm; Scales: (A) 14 mm; (B) and (E1 and E2) 8 mm; (C), (D), and (E3) 4 mm.
the INM-derived envelope fuses with the ONM, releasing the naked nucleocapsids into the cytoplasm (Lee and Chen, 2010) .
To determine if DFz2C/LamC foci correspond to INM infoldings, we carried out an ultrastructural analysis ( Figure 3 ). In electron micrographs (EMs) we could routinely observe nuclear membrane invaginations bounded by a single membrane, likely the INM (Figures 3A and 3B ; n = 7 preparations; 9 foci). We also observed large electron-dense granules (average diameter = 192 ± 0.01 nm: min/max 143/286; n = 31 granules from 7 foci) ( Figures 3A and 3B) , located within the enlarged perinuclear space bounded by these INM invaginations (Figures 3A and 3B) . Similar INM invaginations were also observed in a Schneider-2 (S2) cell line endogenously expressing DFz2 and Wg, which also display nuclear DFz2C foci ( Figures 3C and 3D ). Similar to muscle, S2 cells can also import DFz2C into the nucleus in the presence of Wg (Mathew et al., 2005) . DFz2C antibody labeling of these electron dense granules in larval muscle cells, confirmed that they correspond to the DFz2C foci observed at the light microscopy level ( Figures 3F, 3H , S3A, and S3C; n = 29 animals; 93 foci).
The DFz2C granules within the INM invaginations appeared to be bounded by membrane ( Figure 3D ; arrow). If these granules are enveloped by the INM, then lamin immunoreactivity could surround the dense granules. Indeed, LamC immunoreactivity lined the outer edge of the DFz2C granules ( Figures 3E, 3G , and S3B; n = 29 animals; 93 foci), which correlates well with our observations of DFz2C/LamC foci at the light level.
Some DFz2C foci were also associated with ONM evaginations highly reminiscent of herpes nucleocapsids emerging from the nuclear envelope (Buser et al., 2007) (Figures S3D-S3F and S3H, arrows) . Such evaginations often contained DFz2C electron dense granules ( Figure S3D , asterisks), but some were devoid of granules (Figures S3E and S3F) , as has been observed after HSV egress from the perinuclear space (Buser et al., 2007; Granzow et al., 2001) . Consistent with this idea, we also observed electron dense granules in the cytoplasm, close to the evaginations ( Figure S3E, arrowhead) . At the light level, evaginations of the lamina containing DFz2C labeling were also observed ( Figure S3I ). Thus, DFz2C foci are composed of electron dense, DFz2C-and LamC-associated granules that localize within the perinuclear space and are bounded by the INM. Further, these granules appear to be released into the cytoplasm either by fusion of an INM bound granule, which is localized to an INM invagination or ONM evagination, with the ONM ( Figure S3H ). Interestingly, in lamC GFP-trap /+, in which DFz2C/LamC foci are morphologically disrupted, foci appeared as large electron dense and amorphous structures associated with the nuclear envelope, in which no individual DFz2C granules could be distinguished ( Figure S3G , arrows).
DFz2C/LamC Foci Contain RNAs that Exit the Nucleus
Whereas HSV nucleocapsids contain dsDNA, DFz2C/LamC foci occur in DNA-free regions (Figures 2A, 2B , and S1J). To determine if the DFz2C-immunoreactive granules contained RNA, we screened the Drosophila flytrap database for fly stains expressing GFP fused in-frame with endogenous proteins involved in RNA binding, maturation, or localization (34 strains; Table S1 ) and determined if any such GFP fusion proteins localized at or near DFz2C/LamC foci. One such strain contained GFP fused in-frame with endogenous Poly(A) Binding Protein 2 (PABP2/ PABPN1). In PABP2-GFP muscle nuclei GFP signal was observed both as diffuse nucleoplasmic fluorescence expected for PABP2 and bright GFP foci at the nuclear periphery (Figure 4A ). This was distinct from the localization of NLS-GFP when expressed with a muscle Gal4 driver, which yielded diffuse staining throughout the nucleoplasm (Figures S4B and S4C ; of 498 LamC foci examined in six animals, 0% showed discrete NLS-GFP enrichment at the foci). The GFP distribution in PABP2-GFP larval nuclei was similar to the endogenous PABP2 distribution revealed by labeling wild-type larvae with an antibody against Drosophila PABP2 (Benoit et al., 1999 ) ( Figure S4A ). About 40% of the bright PABP2-GFP foci were juxtaposed with DFz2C/LamC foci and 32% of the DFz2C foci were juxtaposed with a bright PABP2 focus (n = 118 foci). Further, there was a significant positive correlation between the number of PABP2 and DFz2C foci per nucleus ( Figure S4D ; R = 0.52; p < 0.0001). Further, the presence of bright PABP2 foci was dependent both on LamC and DFz2C, as both the lamC null mutation and a strong dfz2 loss of function mutation drastically decreased the number of PABP2 foci ( Figure 4B ). This suggests that the PABP2 foci are formed in conjunction with DFz2C/LamC foci. PABP2 binds to the short poly(A) tail of immature transcripts in the nucleus, promoting poly(A) tail elongation by poly(A) polymerase (Kü hn et al., 2009 ). To determine whether DFz2C granules contained polyadenylated RNA, we conducted fluorescent in situ hybridization (FISH) with Digoxigenin-conjugated oligodT. Sixty-four percent of the LamC foci contained high oligodT fluorescence ( Figure 4C ; n = 25 foci in six preparations), and the signal was completely eliminated by RNase treatment ( Figure 4D ; 0% of LamC foci contained oligo-dT fluorescence; n = 26 foci in six preparations).
The presence of RNA at the foci was additionally supported by performing Bernhard's regressive EDTA (rEDTA) stain on thin sections. This procedure chelates the electron dense uranyl acetate label from DNA, but not from RNA (Bernhard, 1969) , as evidenced by the preferential retention of electron dense staining in the ribosomes dotting the nuclear envelope ( Figure 4E1 , arrowhead) and in the cytoplasm ( Figures 4E1, 4E3 , 4F1, and 4F3), and its near elimination from DNA ( Figures 4E2 and 4F2) . Notably, the large electron dense granules at the nuclear periphery were resistant to EDTA treatment ( Figures 4E1, 4F1 , and 4G). Taken together, these data indicate that DFz2C granules contain RNA, and at least some of these RNAs are polyadenylated.
In rEDTA EM images, we also observed electron dense granules similar to DFz2C granules in the cytoplasm close to the nuclear envelope ( Figure 4G ; arrows), supporting the idea that DFz2C granules are released from the perinuclear space into the cytoplasm. To directly monitor whether RNA granules found at the DFz2C/LamC foci were released into the cytoplasm, we conducted live imaging of foci from larval body wall muscle preparations by using the RNA-specific dye E36 (Li et al., 2006) . Fluorescent granules emerging from nuclei in E36-labeled preparations were imaged blind and then fixed and labeled with antibodies to LamC and DFz2C. Images from the fixed preparations were then sized and superimposed to the live images by using fiduciary markers (Figures 5A and 5B ; Movies S1 and S2). E36-positive aggregates and granules were observed in both nucleus and cytoplasm. Close examination revealed E36-positive puncta emerging from the LamC foci and exiting the nucleus. Thus, at least some of the foci-associated RNA granules translocate to the cytoplasm.
Atypical Protein Kinase C Is Required for DFz2C/LamC Foci Formation HSV nucleocapsids recruit a host protein kinase C (PKC), which phosphorylates A-and B-type lamin, disrupting the nuclear lamina at the INM and allowing the capsid to bud into the perinuclear space (Park and Baines, 2006) . The PKC involved in this process is likely not a conventional PKC (Leach and Roller, 2010) . Notably, we observed that a binding partner of Drosophila atypical PKC (aPKC), Bazooka (Baz)/Par3, colocalized with LamC, both in the nuclear lamina and at foci ( Figure 6A ). Low levels of aPKC immunoreactivity were also detected inside the nucleus ( Figure 6B ). These observations raised the possibility that aPKC might be involved in remodeling the lamina around INM invaginations defining DFz2C/LamC foci. To test this, we modified aPKC activity in muscles. Expressing aPKC-RNAi in muscles nearly eliminated DFz2C/LamC foci ( Figures 6C, 6D , and 6J), suggesting that aPKC is required for foci formation. This conclusion was supported by pharmacological experiments showing that feeding larvae with chelerythrine, a PKC inhibitor (Herbert et al., 1990) , significantly reduced DFz2C/LamC foci number ( Figures 6E and 6J) . Conversely, increasing aPKC activity by expressing PKM in muscles dramatically increased both the size and number of LamC foci ( Figures 6F and 6J ), suggesting that increasing aPKC activity promotes LamC foci formation. However, these foci were completely devoid of DFz2C signal ( Figure 6F ). Thus, although constitutively activating aPKC throughout larval development promotes reorganization of the lamina, it prevents normal loading of LamC foci with DFz2C granules. To both limit PKM expression and allow for temporal control of its delivery, we expressed PKM under control of the heat-shock promoter (hs-PKM). At permissive temperature hs-PKM larvae displayed an increase in the number of DFz2C/ LamC foci compared to wild-type, likely due to the known leakiness of the hs promoter ( Figure 6J ; Hans et al., 2011) . A much larger increase in DFz2C/LamC foci was produced by a 30 min heat shock at 30 C followed by 2 hr at permissive temperature prior to dissection ( Figures 6G and 6J) , whereas no significant change in DFz2C/LamC foci number was elicited in wild-type controls subjected to the same protocol ( Figure 6J ). In these larvae, LamC foci also contained DFz2C immunoreactivity (Figure 6G) , consistent with the idea that although chronic PKM expression interferes with DFz2C foci formation, acute PKM activation allows for normal formation of DFz2C granules within LamC foci.
Labeling body wall muscles with an antibody specific for phosphorylated PKC substrates ([P-PKCs] Zhang et al., 2002) resulted in intense immunoreactivity at the foci ( Figure 6H ), and treatment of the samples with lambda-phosphatase eliminated this signal ( Figure 6I ). No such accumulations of P-PKCs signal were observed in larvae expressing aPKC-RNAi in muscles (Figure S5A ). Western blotting of body wall muscle extracts with the P-PKCs antibody revealed a band at the same molecular weight as LamC ( Figure 6L ). The intensity of this band increased in larvae expressing PKM in muscles and, conversely, it decreased when aPKC-RNAi was expressed in muscles ( Figure 6L ). Consistent with the idea that this band corresponded to LamC, immunoprecipitation of body wall muscle extract with LamC antibodies revealed that LamC is recognized by P-PKCs antibody ( Figure 6M) . Further, the intensity of this band, when the blots were probed with anti-P-PKCs, was increased in LamC immunoprecipitates from larvae expressing PKM in muscles ( Figure 6M ). Taken together, the above results suggest that PKC-dependent phosphorylation is necessary and sufficient to locally remodel the lamina in order to form DFz2C/LamC foci. 
Figure 6. aPKC Is Required for Foci Formation
(A-I) Body wall muscle nuclei labeled with antibodies to either Baz, aPKC, PKC-phosphorylated substrate (aPKC subs), or DFz2C, double labeled with antibodies to LamC in wild-type and genetic variants altering aPKC activity showing (A) localization of Baz at LamC foci, (B) diffuse distribution of aPKC in muscle nuclei, (C) a DFz2C/LamC foci in wild-type muscle nucleus, (D) virtual elimination of DFz2C/LamC foci by expressing aPKC-RNAi in muscles, (E) that chelerythrine feeding, decreases DFz2C/LamC foci, (F) that expressing PKM in muscles enlarges and increases LamC foci number, which are devoid of DFz2C, (G) that expressing PKM for just 30 min increases DFz2C/lamC foci number, (H) enrichment of PKC phosphorylated substrates immunoreactivity at LamC foci, and (I) that this label is eliminated after treatment with lambda phosphatase. Scale, 15 mm.
Downregulating the aPKC-binding partner, Baz/Par3, by expressing Baz-RNAi in muscles, virtually eliminated the foci ( Figure 6J ), suggesting that Baz might function in conjunction with aPKC.
We next assessed whether altering aPKC activity or Baz levels elicits ghost bouton formation. Previous studies demonstrated that both downregulation and constitutive activation of aPKC, as well as downregulation of Baz, leads to a reduction in the number of synaptic boutons at the NMJ, partly due to a local function of these proteins in cytoskeletal regulation at the NMJ Ruiz-Canada et al., 2004) . However, whether ghost boutons were formed in the above genotypes was not tested. We downregulated aPKC or Baz or expressed PKM, all specifically in muscles. NMJs in all of the above genotypes displayed a significant increase in the number of ghost boutons ( Figure 6K ). Thus, like mutations that interfere with DFz2C foci formation, manipulations in aPKC and Baz lead to the formation of undifferentiated boutons.
DFz2C/LamC Foci Contain Synaptic Protein Transcripts
We next sought to identify specific mRNAs trafficked through the foci, possibly for local translation at postsynaptic sites. Using a candidate approach for mRNAs encoding known postsynaptic proteins and others involved in nervous system development, we identified six transcripts localizing to the foci among 19 mRNAs tested (Table S2 ). Of these, the PDZ protein Par6 was selected for further study (Figure 7 ). Par6 is part of a tripartite protein complex, consisting of Baz, Par6, and aPKC (Betschinger et al., 2003) . At the Drosophila NMJ all three proteins localize both pre-and postsynaptically (Ruiz-Canada et al., 2004) , and both Baz and aPKC have been implicated in cytoskeleton remodeling during synaptic growth Ruiz-Canada et al., 2004) . In addition to colocalizing with nuclear LamC foci ( Figure 7A ), Par6 mRNA was observed in puncta near folds of the lamina, where LamC foci were not yet apparent (Figure 7B ). These could represent granules in the process of formation prior to their translocation into the perinuclear space. Notably, we also observed Par6 mRNA granules within evaginations of the nuclear lamina ( Figures 7C and 7D) , likely representing the nuclear envelope evaginations observed at the ultrastructural and light microscopy levels ( Figures S3D-S3F and S3I ). The nuclear Par6 in situ signal was specific, as no signal was observed with a nonmuscle probe, wg ( Figures 7G and S5E) , and expressing Par6-RNAi in muscle virtually eliminated the nuclear par6 hybridization signal ( Figures S5B and S5C) .
In S2 cell extracts, an antibody against the C terminus of DFz2 immunoprecipitated Par6 mRNA but not an mRNA (Mad) absent from DFz2C foci ( Figure 7M and Table S1 ). The Par6 primers used were in adjacent exons and the RT-PCR product was of the size expected from spliced mRNA. The identity of the RT-PCR product was confirmed by sequencing. Thus the Par6 RNA associated with DFz2C is spliced, suggesting that it is mature.
The presence within DFz2C granules of mRNAs encoding postsynaptic apparatus components raises the possibility that these granules are trafficked to the NMJ where the mRNAs within are locally translated, as has been demonstrated for RNA granules in neurons (Wang et al., 2010) . Indeed, local translation of GluRs has been reported at the NMJ (Sigrist et al., 2000) , and the subsynaptic reticulum (SSR) contains polyribosomes (Sigrist et al., 2000;  Figure S6 ). Using two different Par6 probes we found that Par6 mRNA was associated with the NMJ ( Figures  7H-7J ) and no signal was observed with a wg probe ( Figure 7K ). The NMJ Par6 signal was virtually eliminated upon expressing LamC-RNAi in muscles ( Figure 7L ) confirming the specificity of the signal. Further, ghost boutons present in lamC mutants were devoid of postsynaptic Par6 protein and showed a marked decrease in overall postsynaptic Par6 levels ( Figures 7E and 7F ). Taken together these data suggest that proper localization and local translation of at least one postsynaptic transcript, Par6, requires the FNI pathway.
DISCUSSION
The canonical view of nucleocytoplasmic transport posits that the sole gateway into and out of the nucleus is the nuclear pore complex (NPC). Thus all RNAs and ribonucleoprotein particles (RNPs) synthesized and assembled in the nucleus are thought to access the cytoplasm by transiting the NPC. Our study now provides evidence for an alternative RNP export pathway: nuclear envelope budding. We uncovered this pathway while investigating Wnt-dependent NMJ synapse development in Drosophila larval body wall muscles. We find that C-terminal fragments of the Wg receptor DFz2 accumulate in nuclear foci in association with large RNA granules localizing to the space between the INM and ONM. These granules are found at sites of INM invaginations, are bounded by LamC, and can be seen leaving the nucleus. Further, the granules contain transcripts encoding postsynaptic proteins, and mutations interfering with foci formation prevent proper differentiation of synaptic boutons. Thus we suspect that, after exiting the nucleus by budding, the DFz2C RNP granules translocate to sites of synapse formation where local translation of the encoded proteins contributes to synapse assembly.
In addition to describing a noncannonical pathway for nuclear export of endogenous RNPs, our work sheds light on the previously mysterious mechanisms by which mutations in nuclear lamins and INM proteins lead to muscular dystrophies and related movement disorders (Burke and Stewart, 2002; Mé jat et al., 2009) . Further, by showing that nuclear import of a membrane receptor fragment serves to promote export of mRNA transcripts, this work adds a twist to the molecular (J) Foci number per nuclei upon altering aPKC activity. n (same order as in graph) = 2146, 532, 726, 677, 713, 601, 595, and 652. (K) Ghost bouton number in indicated genotypes. n = 6 for each genotype. (L) Western blot of body wall muscle extracts probed with anti-P-PKCs, showing a band of the same molecular weight as LamC (arrow) which increases in intensity in PKM-muscle extracts, and which decreases in intensity in aPKC-RNAi-muscle extracts. n = 3. (M) Immunoprecipitation of body wall muscle extracts with LamC antibody. n = 3. *** = p < 0.0001; ** = p < 0.01; * = p < 0.05. Error bars in graphs indicate mean ± SEM. See also Figure S5 . Nuclear Envelope Budding and Herpes Viral Egress The nuclear budding pathway described here bears remarkable resemblance to the nuclear egress mechanism employed by herpes viruses. Herpes capsids containing dsDNA are assembled in the nucleus, where they form multimegadalton complexes much too large to pass through NPCs. Instead, they exit via INM envelopment and ONM de-envelopment (Figure S3H ) (Lee and Chen, 2010; Roller, 2008) . Until now this highly unusual nuclear export pathway had been thought unique to this family of viruses and not representative of any endogenous nuclear export pathway (Roller, 2008) . Rather it was supposed that herpes viruses had hijacked the lamina disassembly pathway operational during nuclear replication (Haas and Jost, 1993) .
Both herpes virus egress and replication-dependent nuclear envelope disassembly involve multiple phosphorylation events (Roller, 2008) . In capsid egress, viral proteins pUL34 and pUL31 are targeted to the INM where they recruit viral pUS3 kinase and host PKCs (Park and Baines, 2006; Reynolds et al., 2004; Ryckman and Roller, 2004) . Both pUS3 and the host PKCs disrupt the nuclear lamina by phosphorylating lamins, including LMNA, and other lamina-associated proteins (Bjerke and Roller, 2006; Leach and Roller, 2010; Milbradt et al., 2010) . Both pUL34 and pUL31 have also been suggested to induce INM curvature around the capsid, facilitating budding into the perinuclear space (Klupp et al., 2007) .
We present multiple lines of evidence supporting the idea that local lamina remodeling at sites of DFz2C granule formation is driven by the same mechanisms at work in viral capsid egress and that these mechanisms have profound implications for synapse development. First, atypical PKC is required for both lamina remodeling and formation of INM invaginations containing DFz2C granules ( Figures 6D-6F and 6J) . Second, the apparent phosphorylation level of a species with identical electrophoretic mobility to LamC paralleled changes in aPKC activity ( Figure 6L ), and this same band was immunoprecipitated with antibodies to LamC ( Figure 6M ). Third, the aPKC recruitment factor Baz also localized to DFz2C/LamC foci ( Figure 6A ), and Baz downregulation in muscles prevented DFz2C/LamC foci formation ( Figure 6J ). Fourth, altered aPKC activity through RNAi or expression of a constitutively active enzyme, as well as decreasing Baz levels, resulted in an increase in ghost bouton number ( Figure 6K ), similar to other disruptions of the FNI pathway ( Figure 1J ). Fifth, downregulation of the FNI pathway through LamC-RNAi, or DFz2 overexpression in muscles, led to an increase in GluRIIA clustering similar to that observed in mutations in dapkc and baz (Figures 1P-1S and Ramachandran et al., 2009; Ruiz-Canada et al., 2004) . This increase in GluR clustering was reflected by an elevation of mEJP amplitude ( Figure 1N ), as also observed in dapkc and baz mutants. Finally, immunofluorescence from an antibody recognizing phosphorylated PKC substrates was greatly enhanced at DFz2C/LamC foci ( Figures 6H and 6I ). Thus we propose that herpes viruses have in fact hijacked a nuclear export pathway employed by endogenous RNPs.
Other Reports of Perinuclear Granules That nuclear envelope budding has not been previously investigated as a means for endogenous RNP egress raises the question of whether this is a highly specialized mechanism utilized only by Drosophila larval muscle cells or is a more widespread phenomenon. Our results and reports in the literature strongly support the latter view. Notably, we observed DFz2C/LamC foci in both Drosophila salivary gland ( Figure S1C ) and in S2 cell nuclei ( Figures 3C and 3D) , both of which appear to utilize the FNI signaling pathway. Others have also reported INM infoldings containing electron dense granules (suggested to be aggregates of RNPs) in Drosophila salivary glands and midgut cells at specific developmental stages (Gay, 1956; Hochstrasser and Sedat, 1987) . Similar perinuclear granules have likewise been observed in diverse contexts, from plants (Dickinson, 1971) to mammals, where they are particularly prevalent in early embryonic stages (Hadek and Swift, 1962; Szollosi, 1965) . Indeed, that such granules might reflect an alternate mode of nucleocytoplasmic export has been previously proposed (Gay, 1956 ; Szö llö si and Szö llö si, 1988), but it had not been experimentally validated until now. The combination of our data with the numerous cytological reports of perinuclear granules strongly supports the notion that nuclear envelope budding is a mechanism for nuclear export of large RNP granules in many cell types.
Congenital Neuromuscular Diseases and Nuclear Budding
Mutations across the human LMNA gene lead to a diverse set of disorders (Burke and Stewart, 2002) termed laminopathies, with extreme variability in their tissue specificity and pathogenesis. Some manifest as muscular dystrophies affecting specific skeletal muscles (Burke and Stewart, 2002; Mé jat et al., 2009) . Although laminopathies affecting muscles have been historically classified as myopathies, recent evidence in mice indicates that gross NMJ defects are detectable well before any signs of muscle degeneration (Mé jat et al., 2009) . Similarly, we observed no alterations in Drosophila larval muscle morphology or organization in the same lamC mutants wherein defects at the NMJ were clearly evident ( Figures 1F-1L and S1L) . Thus, the underlying basis of many muscle-specific laminopathies could be disruption of nuclear budding leading to improper NMJ development. Consistent with this are observations that insertion of GFP sequences in the highly conserved rod domain of fly LamC (this report and Schulze et al., 2009) autosomal-dominant AD-EDMD (Ostlund et al., 2001; Schulze et al., 2009) , which is caused by mutations in this same rod domain.
An additional link between congenital neuromuscular disease and nuclear budding is provided by studies of dystonia, a sustained muscle contraction disorder (Robottom et al., 2011) . Dystonia symptoms are ameliorated by botulinum toxin treatment (Lim and Seet, 2010) , suggesting defects in neurotransmission. The AAA+ ATPase TorsinA is responsible for most cases of early-onset autosomal-dominant primary dystonia (Breakefield et al., 2001) . Besides its role in synaptic vesicle recycling (Granata et al., 2008) , a recent study indicates that TorsinA is required for HSV nuclear egress (Maric et al., 2011) . Moreover, ultrastructural analysis of developing motorneurons in torsinA mutant mice revealed accumulations of vesicular structures in the perinuclear space (Goodchild et al., 2005) . Taken together, these results raise the intriguing possibility that TorsinA functions to promote nuclear envelope scission during nuclear budding, and that alterations in RNP granule export might contribute to the phenotypic characteristics of Dystonia.
Role of DFz2C Granules in Synapse Development
We identified several transcripts colocalizing with DFz2C/LamC foci encoding postsynaptically localized proteins required for synapse development and plasticity. Packaging of these RNAs into DFz2C granules appeared quite specific because numerous transcripts encoding other synaptic proteins were absent from the foci. The observation that RNAs in DFz2C foci exit the nucleus and that at least one of the transcripts, Par6, is localized to synaptic boutons, suggests that mRNAs exported by nuclear envelope budding translocate to postsynaptic sites for local translation, as has been well documented for large RNA granules in neurons (Wang et al., 2010) . However, where such RNA granules are initially formed has not been established. Our results suggest that they could form inside the nucleus.
An important future direction will be to determine whether each granule contains a single mRNA, or is a combination of transcripts. Further, the exact role of DFz2C in assembly and/or transport of granules is at present unclear. Neither is it known whether DFz2C remains associated with the granules after nuclear egress. Intriguingly, DFz2C contains a C-terminal PDZ binding motif, raising the possibility that it may provide a zip code for targeting the granules to postsynaptic sites.
Combined, our results provide insight into how synapses communicate with the nucleus to regulate both gene expression and nuclear envelope architecture. In the future it will be of great interest to determine the extent to which the nuclear budding pathway extends to other Wnt receptors and whether it contributes to localized protein expression in response to other signal transduction pathways.
EXPERIMENTAL PROCEDURES
A detailed version of the methods used is found in the Extended Experimental Procedures.
Fly Strains
We used Canton S (CS) (wild-type), w;LamC EX296 / w;LamC
UAS-Par6-RNAi, UAS-Baz-RNAi, UAS-DFz2, UAS-PKM, hs-PKM, C57-Gal4, BG487-Gal4, PABP2-GFP, and lamC GFP-trap /+ (G00158). The strain source is specified in the Extended Experimental Procedures.
Immunocytochemistry and Fluorescent Dye Labeling
The following antibodies and markers were used (details on the source and antibody concentration are found in the Extended Experimental Procedures): anti-LamC; anti-DFz2-C, mAb414; anti-PABP2; anti-Baz; anti-aPKC; anti-PKC substrate; anti-Horseradish Peroxidase conjugated to Dylight 488, 594, or 649; Alexa Fluor 488 conjugated-conconavalin-A; propidium iodide (PI); Hoechst 3342; Texas-red-conjuatged 70 kDa dextran; and E36 RNA dye. For PI staining, fixed body wall muscle preparations were first treated with 500 mg/ml RNase A. Texas-red-conjugated dextran was pressure injected into live muscles using a PV380 Pneumatic PicoPump and beveled sharp electrodes.
Image Acquisition and Analysis
Images were acquired either with a Zeiss LSM5 Pascal confocal or an Improvision spinning disk confocal microscope. Images were deconvolved using measured point spread functions (PSF) and the iterative deconvolution algorithm in the image analysis software package Volocity (Perkin Elmer).
Quantification of Foci, Ghost Boutons, and Bouton Volume Nuclear foci were counted at muscles 6 and 7 from abdominal segments A2 and A3 of wandering third instar larvae. The number of foci/nucleus was normalized to simultaneously processed wild-type controls. Total number of boutons was quantified in third instar larval preparations double labeled with antibodies to HRP and GluRIII at segments A3 muscles 6 and 7. The number of ghost boutons was assessed by counting HRP immunoreactive boutons that were devoid of GluRIII immunoreactivity. Muscle surface was measured by multiplying the width by the length of muscle 6 in segment A3. Bouton volume was quantified using Volocity by cropping the image to individual boutons based on HRP staining and then using the software to measure volume.
The number of PABP2-GFP and DFz2C foci per nucleus was counted and then plotted against each other. As not all nuclei have a PABP2-GFP or DFz2C foci a Spearman correlation analysis in Prism5 was run on the data (Spearman's R = 0.52). Analysis of the data with a generalized extreme studentized deviate (ESD) test suggested there were multiple outliers, which were not excluded. Removing outliers still suggested a significant positive correlation (p < 0.0001) (Spearman R = 0.44).
Chelerythrine Feeding, Lambda Phosphatase Treatment, and Heat Shock For Chelerythrine feeding, wild-type larvae were raised at low density and transferred to food plates containing either 15 ml of 26 mM Chelerythrine (in water) or 15 ml water (control) per 4 ml media and incubated for 21 hr prior to fixing. For lambda phosphatase treatment, larvae were dissected and fixed and then divided between two 0.5 ml tubes, one containing 10,000 units of lambda protein phosphatase and the other an equal volume of water. After incubation, samples were washed and processed for immunocytochemistry. For heat shock protocols, mid-late wild-type and hs-PKM third instar larvae were collected and either left at room temperature (control) or shifted to 30 C for 30 min. Then, they were returned to room temperature for 2 hr prior to dissection.
Statistical Analysis
Unpaired two-tailed Student's t tests were run for pairwise comparisons. An unpaired t test with Welch's correction was performed when variance between samples was significant. For comparison of multiple experimental groups to a control, a one-way ANOVA was performed, with either a Tukey or Dunnet post hoc tests. The error bars in all graphs represent ± standard error of the mean (SEM).
E36 RNA Dye Staining and Live Imaging
Larval body wall muscles attached to the CNS were dissected in 0.1 mM Ca 2+ -containing HL3 saline, and after incubation in 100 mM E36 (20 min) and washing, nuclei were imaged by time-lapse microscopy using an Improvision spinning disk confocal microscope. Details on image acquisition and analysis can be found in the Supplemental Material.
Fluorescence In situ Hybridization (FISH)
The FISH protocol is an adaptation of Tam et al. (2002) . For further details on the protocol and probe preparation, see Supplemental Material.
Electron Microscopy
Transmission electron microscopy was carried out as in Korkut et al. (2009) . Immuno-gold labeling was accomplished by a modification of the protocol by Yamashita et al. (2009) . See Supplemental Material for further details.
Regressive EDTA Regressive EDTA was conducted as in Monneron and Bernhard (1969) .
Western Blot
Western blots were carried out as in Ramachandran et al. (2009) .
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six figures, and two tables and can be found with this article online at doi:10.1016/j.cell.2012.03.032.
